Immunotherapy with dendritic cells (DC) may constitute a new and advantageous option for patients with chronic myeloid leukemia (CML) who respond to therapy with tyrosine kinase inhibitors (TKI), but do not reach complete cytogenetic or molecular remission. In this study, we evaluated the immunophenotype of DC generated from monocytes (Mo-DC) of patients with CML and the influence of TKI therapy on the results of CML-DC generation. We also measured the percentages of T regulatory cells (Tregs) as well as Th17 cells in 19 untreated patients suffering from CML, and in 28 CML patients treated with TKI. We found that DC can be reliably generated from the peripheral blood CD14 + cells of untreated CML patients. But we observed a persistent expression of CD14 monocyte marker on DC from CML patients, together with lower percentages of Mo-DC with expression of CD1a (p = 0.002), CD80 (p = 0.0005), CD83 (p = 0.0004), and CD209 (p = 0.02) compared to healthy donors. There was an adverse correlation between WBC count and the percentage of Mo-DC with co-expression of CD80 and CD86 (R = -0.63; p = 0.03). In patients treated with TKI, we observed higher efficacy of DC generation in seven-day cultures, compared to untreated patients. Expression of CD209 on DC was higher in patients treated with TKI (0.02). The duration of TKI therapy correlated adversely with MFI for CD1a (R = -0.49; p = 0.006) and positively with MFI for CD83 (R = 0.63; p = 0.01). Percentages of CD4 + CD25 high FoxP3 + cells (p = 0.0002) and Th17 cells (p = 0.02) were significantly higher in untreated CML patients compared to healthy controls. There was a significant correlation between the percentage of Treg cells and the percentage of peripheral blood basophiles (R = 0.821; p = 0.02). There were no changes in Tregs or Th17 cell percentages in CML patients after six months of TKI therapy. However, the expression of intracellular IL-17 in Th17 cells correlated negatively with the time of TKI therapy in the whole group of treated patients (R = -0.516; p = 0.04). We noted a correlation between IL-6 serum level and peripheral blood WBC count (R = 0.492; p = 0.04). There was also an inverse correlation between the serum level of IL-6 and the duration of TKI therapy (R = -0.66; p = 0.03). Taken together, our data shows that mature DC can be generated from CML patients treated with TKI, and that the yield of Mo-DC is higher in patients treated with TKI than in patients with active disease. This should encourage further trials with DC immunotherapy in patients with cytogenetic response after TKI therapy. We also found increased frequencies of T regulatory and Th17 cells in CML patients, which might suggest their potential role in immunity against 154
Introduction
Immunotherapeutic strategies have a potential to induce anti-tumor responses and are increasingly being explored in patients with hematological malignancies. Dendritic cells (DC) are professional antigen presenting cells, which are capable of initiating specific immune responses and have a potential clinical application [1] . For use in immunotherapy, dendritic cells are generated and pulsed with tumor-specific antigens under in vitro conditions [2, 3] . Usually, peripheral blood monocytes are used as DC precursors [4] . In patients with myeloid leukemias, dendritic cells (DC) may originate from leukemic cells and thus may also express leukemia-specific antigens.
Chronic myeloid leukemia (CML) is a clonal disease, characterized by a reciprocal t (9, 22) chromosomal translocation resulting in a chimeric BCR/ABL fusion gene that encodes an abnormal fusion protein (p210) with a tyrosine kinase activity, which probably plays a key role in the pathogenesis of the disease [5] . Imatinib mesylate is a specific inhibitor of of Abl protein tyrosine kinases, which has been shown to induce complete hematologic and cytogenetic responses in a significant proportion of patients [6] and has become the standard first-line treatment for patients with chronic phase CML (CP-CML). Novel tyrosine kinase inhibitors (TKI) with greater therapeutic potency, such as dasatinib, nilotinib and bosutinib have been introduced into the management of patients with CML resistant to imatinib.
Immunotherapy with DC might constitute a new and advantageous option for patients who respond to TKI therapy, but do not reach complete cytogenetic or molecular remission. Initial clinical trials with CML-derived DC (CML-DC) immunotherapy have been reported [7] [8] [9] and have shown immune and clinical responses in some patients [9] . The optimal vaccination protocol for inducing anti-tumor responses using DC has not yet been established, meaning that further studies into the biology of CML-DC are still required, especially in the context of the influence of TKI therapy on CML-DC. Recent data has shown that anti-tumor responses might be significantly suppressed by T helper cells with regulatory functions (Treg) [10] , which suggests that the results of DC vaccinations might also be negatively affected by Treg [11] . More recent studies have revealed new populations of T helper cells, such as Th17 cells [12] , whose role in tumor immunity remains unclear [13] .
In the present study, we evaluated the immunophenotype of Mo-DC generated from patients with CML. Apart from the well known markers of DC maturation, we also measured the expression of other molecules essential for DC function. And we evaluated the influence of TKI therapy on the results of CML-DC generation. We also measured the percentages of Treg and the percentages of Th17 cells in untreated CML patients and in CML patients treated with TKI.
Material and methods

Patients
Between November 2007 and October 2009, 38 patients with CP-CML who were treated in the Hematooncology and Bone Marrow Transplantation Department of the Medical University of Lublin were recruited into the study. Twenty healthy volunteers were also recruited as a control group. The study was approved by the Local Ethics Committee and all individuals gave their informed consent. From 19 patients, blood samples were taken at diagnosis before the start of therapy. From 28 patients, samples were taken during TKI therapy. Eighteen of these patients were treated with imatinib at a dose of 400 mg, two patients were treated with imatinib at a dose of 600 mg, four patients were treated with dasatinib at a dose of 100 mg, and four patients were treated with bosutinib at a dose of 500 mg. All the patients were in complete cytogenetic remission at sampling. The clinical characteristics of the patients are presented in Table 1 .
Methods
Generation of autologous DC from the peripheral blood monocytes of CML patients
Peripheral blood mononuclear cells (PBMC) were isolated from 40 ml heparinized peripheral blood samples by density gradient centrifugation (Gradisol-L, Aqua Medica, Lodz, Poland). After isolation, the cells were washed twice with PBS and incubated with anti- www.fhc.viamedica.pl -CD14 microbeads (Miltenyi-Biotec, Bergisch Gladbach, Germany) and passed through MACS separation columns according to the manufacturer's protocols. The CD14 positive cell population was used to prepare monocyte derived dendritic cells (Mo-DC). The CD14 + cells were cultured in the appropriate culture medium containing RPMI-1640 supplemented with 2% human albumin (Baxter), 100 IU/ml penicillin, 50 mg/ml streptomycin and 100 mg/ml neomycin (Sigma-Aldrich, Germany). On days 1, 3 and 5 of the culture, 1,000 IU/ml rhGM-CSF (Leukine, Berlex, USA) and 500 IU/ml rhIL-4 (Miltenyi-Biotec, Bergisch Gladbach, Germany) were added. Tumor necrosis factor a (TNFa) at a concentration of 50 ng/ml and the lysates from CD33 + leukemic cells were added during the last 48 hours of culture for the maturation and pulsing of the DC. On day 8 of the culture, DCs were harvested using Trypsin/EDTA (Biochrom AG, Germany) solution. Their viability was checked by Trypan Blue (Sigma-Aldrich, Germany) staining in light microscopy. Mature Mo-DC were evaluated for the expression of CD1a, CD14, CD80, CD83, CD86, CD206, CD209 and HLA-DR by flow cytometry. 
Flow cytometry analysis of T regulatory cells
Flow cytometry analysis of Th17 cells
Peripheral blood mononuclear cells (PBMCs) were isolated by Gradisol L density gradient centrifugation. Cells were cultured at 2¥10 6 cells/ml in RPMI 1640 medium supplemented with 10% FBS, penicillin and streptomycin. The cells were stimulated with ionomycin (2 µg/ml) and phorbol myristate acetate 
Analysis of IL-6 serum level
Serum concentration of IL-6 was measured according to the manufacturer's protocol using human IL-6 ELISA kit (Diaclone, UK) and multilabel plate reader VICTOR TM (PerkinElmer, USA).
Statistical analysis
Results are shown as mean value ± SD and median followed by IQR (Interquartile Range). U Mann-Whitney, Wilcoxon's non-parametric tests and Spearman's rank correlation were used for statistical analysis.
Results
Results of DC generation in untreated CML patients
We found that DC could be reliably generated from the peripheral blood CD14 + cells of 19 untreated CML patients. Seven-day cultures of monocytes in the cytokines supplemented media resulted in the 
Number of untreated patients 19
Number www.fhc.viamedica.pl generation of cells with a veiled appearance characteristic for mature DC in light microscopy (data not shown). The mean viability of generated DC was 93% ± 6%, and the median percentage of DC among the cells in the culture was 23% (range 3.22-82.89%).
Analysis of the Mo-DC phenotype showed a persistent expression of CD14 monocyte marker on DC generated from monocytes of CML patients. The percentage of CD14 + cells after seven-day culture was significantly higher in CML patients compared to the healthy controls (3.07% vs. 0.21%; p = 0.001). The expression of CD14 measured as MFI (mean fluorescence intensity) was also higher on the cells generated from untreated CML patients (p = 0.02).
The percentages of Mo-DC with expression of CD1a (p = 0.002), CD80 (p = 0.0005), CD83 (0.0004), CD209 (p = 0.02) as well as with co-expression of CD1a/CD83; (p = 0.002), and CD80/ /CD86 (p = 0.04) were significantly lower in the CML patients group (Figure 1) .
Phenotypic analysis also showed significantly lower expression of CD209 (MFI: 142.0 vs. 2790.0; p = = 0.02) on DC from the CML patients compared to the healthy controls.
There was an adverse correlation between WBC count and the percentage of Mo-DC with co-expression of CD80 and CD86 (R = -0.63; p = 0.03).
In patients treated with TKI, in comparison with untreated CML patients, we observed higher efficacy of DC generation in seven-day cultures. The median percentage of DC among the cells in the culture was 30.7% (range: 3.22-82.89%) and was significantly higher than in untreated patients.
The percentage of cells with CD14 expression was significantly lower in the patients treated with TKI (p = 0.0008), compared to untreated ones (Figure 1 In nine patients, analysis performed before, and six months after, TKI therapy showed a significant decrease only in the percentage of CD14 + Mo-DC (p = 0.03). The expression of CD14 measured as MFI was also significantly lower (p = 0.03). In contrast, Mo-DC expressed a significantly higher amount of CD83 (p = 0.03).
Analysis of Treg cells in peripheral blood of CP-CML patients
The percentage of CD4 + CD25 high
FoxP3
+ cells was significantly higher in untreated CML patients compared to healthy controls (p = 0.0002) (Figure 2 ). There was a significant correlation between the percentage of Tregs and the percentage of peripheral blood basophiles (R = 0.821; p < 0.05). There was no significant change in the Treg percentage in CML patients after six months of TKI therapy.
Analysis of Th17 cells percentages in peripheral blood of CP-CML patients
The percentage of Th17 cells was significantly higher in untreated CML patients compared to healthy controls (p = 0.02) (Figure 3 ). There was no significant change in the Th17 cells percentage in CML patients after six months of TKI therapy. But expression of intracellular IL-17 correlated negatively with the time of TKI therapy in the whole group of treated patients (R = -0.516; p = 0.02).
Analysis of IL-6 level in serum of CP-CML patients
There was no significant difference between the concentration of IL-6 in untreated CML patients and in the healthy controls. However, we noted a correlation between IL-6 serum level and peripheral blood 
Discussion
Therapeutic approaches combining TKI with active DC immunotherapy might become a valuable option for patients with CML not achieving complete cytogenetic or molecular remission after TKI therapy. For the development of efficient immunotherapy protocols, detailed knowledge as to the effect of TKI on Mo-DC generation, as well as T cell populations, is required.
In this study, we compared the immunophenotype of Mo-DC generated from untreated patients with CML, from patients with CML treated with TKI, and from healthy donors.
We confirmed that DC could be efficiently differentiated from peripheral blood monocytes of CML patientxs [9, 14] . The yield of generated DC was lower compared to healthy donors, with some differences noted in surficial markers, such as lower percentages of cells with expression of CD1a, CD80 and CD83, CD206 and CD209. Previous studies on Mo-DC from CML patients have revealed divergent results. Eisendle et al. showed lower expression of CD80, CD83, CD86 on LPS maturated DC [4] , which was improved when IL-1b, TNF-a and PGE2 were used. DC cells maturated with a cytokine cocktail were fully functional in a mixed leukocyte reaction (MLR), something also found in a study by Westermann et al. [9] . Dong et al. showed high expression of maturation markers (CD80, CD86 HLA-DR) with IL-1b and TNF used for maturation. However, DC were defective in mannose receptor mediated endocytosis and macropinocytosis [15] . Significantly lower expression of CD206 (mannose receptor C type-1) and CD209 (DC-SIGN; DC-specific, ICAM-3 grabbing noninegrin) on Mo-DC maturated with TNF might be connected with impaired antigen capture observed by Dong et al.
These results suggest the need for further investigation to find the optimal generation conditions for Mo-DC from CML patients.
Results of Mo-DC generation from patients in complete cytogenetic remission after TKI therapy showed an improved yield of DC in seven-day cultures compared to the patients with active disease. We also found increased CD83 and CD209 expression, together with decreased CD1a expression. Most studies published so far have evaluated the effect of imatinib on DC generation when the drug was given www.fhc.viamedica.pl to the culture of dendritic cells, but not in patients treated with imatinib. It has been shown that in the culture, imatinib impairs the differentiation of DC, both from 34 + progenitor cells and monocytes, resulting in low expression of DC-associated cell surface molecules like CD1a and CD83, and costimulation molecules like CD80 and CD40 [16, 17] . Beside these phenotype alterations, the cells were unable to elicit primary T-cell responses as well as responses to recall antigens. Moreover, DC incubated with imatinib had a reduced endocytosis activity [16] . These in vitro observations have been confirmed by data from a mouse model [18] . In contrast, it has also been shown that imatinib does not affect CML-DC phenotype, migration profile or T-cell stimulatory capacity [19] and CML-DC display even improves antigen presentation abilities in the presence of imatinib [20] . In mice, DC treated with imatinib have exhibited enhanced APC function [21] . Limited studies investigating the impact of imatinib on na1ve human blood DC have revealed that imatinib impairs neither the immunophenotype profile nor the DC-mediated polarization of na1ve CD4 + T cells [22, 23] . In one study, where DC were generated from CML patients treated with TKI, there was an increase of CD1a, CD80, and CD86 compared to the parent population, but not to healthy donors. The authors showed that DC become BCR-ABL negative in CML patients treated successfully with imatinib [24] , which might be advantageous because leukemic cells do not process antigen normally in CML [15] . It seems that more studies are needed into the immunophenotype and function of Mo-DC generated from patients treated with TKI in order to evaluate the use of Mo-DC immunotherapy in combination with TKI.
Next, we evaluated the percentage of T regulatory cells in CML patients, and found that it was significantly higher compared to healthy controls. Increased numbers of Tregs have previously been found in peripheral blood of cancer patients as well as in malignant effusions [25, 26] . Recent studies have documented that Tregs suppress tumor-specific T-cell immunity, and therefore might contribute to the progression of human tumors [10] . There is very limited data regarding T regulatory cells in CML. Nadal et al. found that increased frequencies of Treg correlate with disease relapse after allogeneic stem cell transplantation [27] . However, increased populations of CD4 + CD25
high regulatory T cells have been found in acute myeloid leukemia (AML) patients [28, 29] and depletion of T regulatory cells dramatically improved the efficacy of DC vaccines in a preclinical AML murine model [30] . In the context of potential use of DC immunotherapy in patients treated with TKI, it would be useful to know how imatinib therapy affects Tregs. In our studies, there were no significant changes of Treg frequencies in imatinib-treated patients. However, in vitro studies showed that imatinib [31] and dasatinib impaired the proliferation and function of CD4 + CD25 + regulatory cells in a dose--dependent manner [32] . Further studies into the function of Tregs in patients treated with TKI are needed, especially given that encouraging data in a mouse model showed that imatinib enhanced active immunotherapy against BCR-ABL + tumors [33, 34] . Finally, we analyzed the percentages of Th17 cells in peripheral blood of CML patients. Th17 cells represent a novel subset of T helper cells that play an active role in inflammatory and autoimmune diseases [35] . Recent studies in solid tumors have also suggested the impact of Th17 cells, both in carcinogenesis and anti-cancer responses [36, 37] . Their role is probably complex and divergent, depending on the clinical stage and the role of angiogenesis and inflammation in tumor pathogenesis.
There has been no data published to date on Th17 in chronic myeloid leukemia. We found a significantly higher percentage of Th17 cells in untreated patients with CML than in healthy controls, and that this percentage decreased after six months of imatinib therapy. Though the decrease was not significant, there was a negative correlation between the expression of intracellular IL-17 in Th17 cells and the time of TKI therapy in the whole group of patients treated with TKI from four to 70 months. IL-6 belongs to important growth factors for Th17 in mice, and probably also in humans [38, 39] . Although we did not find a direct correlation between IL-6 serum level and Th17 cell percentage, there was a correlation between IL-6 and WBC count in untreated CML patients, and a negative correlation between IL-6 and the time of treatment in patients treated with TKI. Increased IL-6 level has been previously shown in CML patients [40, 41] and in patients with AML. Moreover, in AML patients, there was a positive correlation between high IL-6 concentration and increased percentage of Th17 cells [42, 43] . High frequencies of Th17 cells were reduced when patients achieved complete remission after chemotherapy, suggesting that measurement of Th17 frequencies might have a clinical value in evaluating the effects of therapy. Such preliminary data suggests that Th17 cells might participate in the development of CML, although their role in this disease, and their potential role in immunotherapy, is yet to be established.
Taken together, our data shows that mature DC can be generated from CML patients treated with www.fhc.viamedica.pl TKI, and that the yield of Mo-DC is higher compared to untreated patients, which should encourage further trials with DC immunotherapy in patients with cytogenetic response after TKI therapy. We also found increased frequencies of T regulatory and Th17 cells in CML patients, which might suggest a potential role in immunity from this disease. Further studies are needed to establish if manipulation of these populations might improve the results of DC immunotherapy.
